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I N T R O D U C T I O N
The excellent sensitivity and sharp frequency tuning of the mammalian ear is achieved by cellular motility of outer hair cells in the organ of Corti, a process that has been referred to as cochlear amplification (see Ashmore 2008; Dallos et al. 2006) or cochlear transformer (Ren and Gillespie 2007) . The cochlear amplifier acts in a nonlinear way. In response to complex signals that consist of at least two frequencies, distortion products (DPs) are generated as byproducts of the nonlinear amplification. When the ear is simultaneously stimulated with two pure tones at frequencies f1 and f2 (f2 Ͼ f1), the most distinct DPs are the quadratic distortion-tone (f2-f1) and the cubic distortion-tone (2f1-f2). At frequency ratios f2/f1 Ͼ 1.1, DPs are generated in the region of overlap between the two traveling waves close to the f2 place in the cochlea (Rhode 2007) . From their generation site, they propagate within the cochlear in both directions, i.e., both toward the base and the apex of the cochlea (Dong and Olson 2009; Shera and Guinan 2007) . After progressing across the middle ear in reverse direction, they are reemitted into the ear canal where they can be measured with a sensitive microphone as DP otoacoustic emissions (DPOAE). Because their generation directly depends on the active amplification mechanism of the outer hair cells (e.g., Frolenkov et al. 1998; Mills et al. 1993) , they can be used as a tool to examine cochlear physiology in basic research and clinical diagnosis (Kemp 2002; Shera 2004) .
Cochlear DPs also propagate along the cochlea to their characteristic frequency site on the basilar membrane, in case of the 2f1-f2 and f2-f1 DPs, to a position apical to the f1 and f2 sites. Here they form their own traveling waves (Cooper and Rhode 1997) and promote mechanoelectrical transduction and neuronal processing. Neuronal correlates of cochlear DPs have been demonstrated at various levels of the auditory pathway including the auditory cortex (Faulstich and Kössl 1999; McAlpine 2004; Purcell et al. 2007; Smoorenburg et al. 1976 ). Furthermore, under favorable stimulus conditions and beginning at a certain stimulus level, cochlear DPs are perceived as independent tones by human subjects (Furst et al. 1988; Goldstein et al. 1978) .
Although DPOAEs are widely used to examine cochlear function, only a few studies are available dealing with their impact on neuronal processing in higher centers of the auditory pathway. The cochlear nonlinearity considerably alters the spectral and temporal composition of a complex tone such that subsequent stages of the auditory pathway are provided with a distorted form of the original stimulus. It has been shown that models incorporating cochlear nonlinearity can predict the electrophysiological response of auditory nerve fibers to complex stimuli (such as human speech sounds) much better than models lacking nonlinearity (Deng and Geisler 1987) . Cochlear DPs, as a byproduct of the cochlear nonlinearity, are known to influence important aspects of auditory perception such as the pitch of a multiharmonic complex tone (Houtsma and Goldstein 1972; Smoorenburg 1970) or the pitch of amplitude modulated noise (Wiegrebe and Patterson 1999) .
In contrast, when assessing neuronal mechanisms that are dedicated to produce a selectivity for certain perceptual aspects of complex auditory stimuli, physiological studies had to rule out or provide arguments against the possibility of a contribution of cochlear DPs to their measured results (e.g., Bendor and Wang 2005; Langner 1997, 1999; Schulze et al. 2002) . Recently McAlpine (2004) showed, however, that at least in some cases, cochlear DPs are responsible for the activity of neurons thought to be activated by neuronal mechanisms of spectral integration. This ambiguity concerning the contribution of DPs to central neuronal responses following complex sound stimuli makes a detailed exploration of their neuronal impact desirable.
The goal of the present study was to measure the representation of cochlear DPs in the activity of auditory midbrain neurons of the Mongolian gerbil and to compare them with a peripheral measure of the distortions in the form of DPOAEs. Our study demonstrates that neurons that do not respond to the two tones, when each is delivered separately, in fact strongly respond to simultaneous presentation of the same stimuli. The simultaneously measured DPOAE levels were adequate to explain this activity in a majority of units. Moreover, cancellation of cochlear DPs at the level of the basilar membrane (by application of a 3rd tone) confirmed the peripheral origin of the neuronal activity.
M E T H O D S
Twenty-five pigmented Mongolian gerbils of both sexes, between 3 and 11 mo old, where used. The animals where anesthetized using a 10:1 combination of 50 mg/ml ketamine (Ketavet, Pfizer) and 2% xylazin (Rompun, Bayer). An initial dose of 3 ml/kg body wt was injected intraperitoneally. Starting half an hour after the initial dose, the anesthesia was maintained by a continuous subcutaneous injection of 30 l/h of the same anesthetic solution using a micro pump (Genie). The depth of the anesthesia was periodically tested by checking the foot pinch reflex. The animal was placed on a heating pad and the body temperature was maintained at 37°C controlled by a rectal probe (Harvard Instruments). The skin above the skull was removed, and the bone was carefully exposed and cleaned. Afterward, the head was positioned in a custombuilt stereotaxic device and the lamda-bregma line was oriented horizontally. A small metal rod was glued onto the skull with dental cement (Paladur, Heraeus Kulzer) just above the bregma point and clamped in a stereotactic holder. For electrode penetrations, a small hole with a diameter of 2 mm was drilled in the skull contra laterally to the stimulated ear, ϳ1.5 mm caudally to lambda and ϳ1.5 mm laterally from the midline. The dura mater was carefully removed, and the brain surface was continuously covered with 0.9% NaCl solution. All animals were killed after the experiments with an intraperitoneal injection of a lethal dose of sodium pentobarbital (Narcoren, Merial). All experiments reported here comply with the "Principles of Animal Care", publication 86-23, revised 1985 , of the National Institutes of Health and also with the Declaration of Helsinki.
Acoustic stimulation and calibration
Acoustic stimuli where applied through a custom-built coupler system placed into the ear canal under visual control. The tip of the coupler was located 0.5-1 mm from the eardrum. A 1/2-in microphone (B&K 4190-C) and three reverse-driven 1/2-in B&K 4133 microphones, used as loudspeakers, were connected to the coupler system. Two or three pure-tone stimuli were generated using customwritten computer software (Delphi, Borland) and two synchronized D/A converter boards (DAP 840 and DAP 4200a, Microstar Laboratories). For adjustment of sound pressure levels, the stimuli were attenuated (PA5, Tucker Davis Technologies) and amplified by a constant factor (custom-built amplifier) before driving the separate loudspeakers. The acoustic signal from the microphone was amplified using a measuring amplifier (B&K Type 2610), sampled by the D/A converter board at 100 kHz and stored for off-line analysis. The sound system was calibrated in situ for frequencies Յ30 kHz using white noise, such that known sound pressure levels in dB SPL (dB re 2*10 Ϫ5 Pa) as measured at the microphone membrane could be delivered. The calibration procedure was carried out repeatedly during each experiment.
Electrophysiological recordings
Extra cellular neuronal recordings where made using either tungsten metal electrodes (WPI, 2 M⍀) or glass microelectrodes filled with 3 M KCl (4 -15 M⍀). The depth of the recording electrode was controlled and adjusted by a piezo micro stepper (PM 10 -1, Märzhauser), and the dorsoventrally oriented tonotopic axis of the inferior colliculus (IC) was approached at an angle of 70°to the horizontal skull plane. After amplifying (1,000 times; Electrode Amplifier L/M-1, List) and band-pass-filtering between 150 Hz and 10 kHz (SR650, Stanford Research Systems), the neuronal signal was digitized by the Microstar DAP board (sampling rate 33 kHz), processed by the computer program, and stored for further off-line analysis.
The off-line analysis of the measured acoustic and electrophysiological data were performed by custom-written Matlab 6.5 (Mathworks) scripts. For spike sorting of multiunit responses, the first three principle components of all spike waveforms were calculated (Lewicki 1998) . To separate the spikes originating from different neurons, an automatic clustering algorithm "KlustaKwik" (Harris et al. 2000 ; http://klustakwik.sourceforge.net/) based on the expectation-maximization algorithm, was fed with the first three principle components of each spike and followed by a manual selection of appropriate clusters was used.
Data-acquisition paradigms
EXCITATORY AND INHIBITORY RESPONSE AREAS. To search for neuronal responses, single pure tones and white noise stimuli were used. Once an appropriate neuronal response was found, the unit's frequency/level response area was determined using randomly presented pure-tone bursts with variable frequency and level combinations (usually 0.5-25 kHz and Ϫ20 -70 dB SPL). Stimuli of typically 50-ms duration with 5-ms rise/fall time were presented at a repetition period of 400 ms, and three to five averages were sufficient to obtain the response area. For each frequency/level combination, the averaged neuronal response rate in spikes per second was calculated in a evaluation window from stimulus onset to stimulus offset plus 20 ms (except for units with long response latencies; then the window was adjusted manually). The mean interstimulus spike rate was determined in a similar time window before stimulus onset. For simplification, we refer to the mean interstimulus spike rate as spontaneous spike rate (or spontaneous activity) in the following. It is important to note that this method of determining the spontaneous spike rate reflects the steady state of the recording and eliminates effects of long-term adaptation of the unit (Ramachandran et al. 1999 ). In the guinea pig, on the level of the IC, there are no significant differences between inter-stimulus activity and spontaneous activity during longer periods of silence (Syka et al. 2000) .
As threshold criterion for excitatory neuronal responses, the unit's spontaneous spike rate was used plus 20% of the maximal response activity for all presented stimuli (Ulanovsky et al. 2004 ). This criterion would fail for neurons with spontaneous spike rates close to the maximal stimulus evoked rate. Such neurons were not used in this study. The iso-contour line of the excitatory response area was calculated by linear interpolation in the frequency/level response matrix using the Matlab contourc function. The characteristic frequencies (CFs) of the recorded neurons were measured as the most sensitive tip frequency of the excitatory response area. As a measure of tuning sharpness, the Q10 dB value was used (CF divided by the bandwidth of the excitatory tuning curve 10 dB above threshold at CF). To calculate the latency of the neuronal response, peristimulus time histograms of the neurons CF response for each stimulus level were calculated with a resolution of 1 ms, and the bin with the maximal spike count was determined. The latency was defined as the time between stimulus onset and the first bin in which the spike rate exceeds 60% of the maximal spike count. The latency was obtained at the lowest stimulus level that fulfilled this criterion.
Inhibitory response areas were measured using a two-tone paradigm with one tone pulse of a fixed frequency close to the unit's CF and 10 -20 dB above threshold (probe tone) and a second tone pulse (masker tone) with variable frequency/level combinations that were the same as those used to measure the excitatory response area. The masker tone started 5-10 ms before the probe tone and ended together with the probe tone. The response rate was determined in a time window starting with the probe tone and ending 20 ms after the end of the probe tone. The threshold criterion for inhibitory areas was a 50% decrease of the spike rate in comparison to the spike rate in response to the probe tone alone.
TWO-TONE STIMULATION AND SIMULTANEOUS NEUROPHYSIOLOGI-CAL AND DPOAE MEASUREMENTS. Neuronal correlates of cochlear DPs and DPOAE were measured during high-frequency two-tone stimulations sufficient to evoke low-frequency DPs. Figure 1 depicts a schematic drawing of the spectral components of the two-tone stimulus in relation to the excitatory response area of the tested neurons. The stimulus frequencies f1 and f2 were chosen such that the frequency of a specific DP would be at the unit's CF. Stimuli were two fully overlapping tone pulses of typically 50 ms duration (5-ms rise/fall time, 0°sine phase difference between the onset of both stimuli). Neuronal rate versus level functions were determined by presenting the stimuli at different sound levels (e.g., 0 -72 dB SPL, 30 repetitions). The level of the second stimulus tone f2 was always 10 dB below the level of the f1 stimulus because this condition maximizes the 2f1-f2 DPOAE levels (e.g., Hauser and Probst 1991) . Rate versus level functions were also obtained for each of the two stimuli (f1 and f2) presented separately within the same level range. Finally, a rate versus level function in response to a single tone was measured at a frequency that was equal to the DP frequency during the two-tone stimulation. Evoked and spontaneous spike rates were calculated in an evaluation interval similar to the interval used for the calculation of the unit's excitatory response area. The type of the rate level function was defined as "nonmonotonic" if the spike-rate evoked by the highest stimulus level was Յ90% of the maximal activity within the used stimulus level range. A "saturated" rate level function is given if the highest stimulus level evokes Ͼ90 and Ͻ100% of the maximal activity. For units that showed nonmonotonic or saturated rate level functions during two-and single-tone stimulation, the maximal neuronal response within the level range used was determined. A Wilcoxon rank sum test (␣ ϭ 0.05) was calculated to test if there was a significant difference between the maximal response during two-and single-tone stimulation.
The DPOAE growth function was obtained from the acoustic signal measured during two-tone stimulation at the tympanum. After averaging the acoustic signal, the magnitude of the tested DPOAE was extracted performing a FFT analysis within a time window between stimulus start and stimulus end. To calculate the acoustic noise level, a FFT analysis of the averaged time signal in a similar time window before stimulus onset was performed and the mean magnitude within Ϯ0.3 kHz around the tested DP frequency was calculated. The DPOAE magnitude was defined as above noise level if it exceeded the mean acoustic noise level plus 1.5 times the SD.
Three-tone cancellation
In a subset of measurements, a third tone (f3) was introduced during two-tone stimulation, the frequency of which was the same as the DP frequency. The stimulus tones f1 and f2 were held at a constant level and frequency such that the neuronal response and a DPOAE above noise level could be measured. The third tone had the same duration, rise/fall times, and onset delay as the other two stimuli. While the phase and level of the f3 stimulus were varied stepwise (e.g., phases: 0 -355°; levels: Ϫ24 -28.8 dB SPL), the neuronal response and the DPOAE level were recorded. A decrease to 20% of the control activity was defined as the criterion for the cancellation of the neuronal response. A decrease of the DPOAE level by 6 dB in comparison to the control emission level was defined as the acoustic cancellation criterion. The neuronal control activity and the control emission level in the cancellation experiments were measured during two-tone stimulation and without the cancellation tone presented. Acoustic and neuronal cancellation areas were calculated by linear interpolation in the f3 phase/level response matrix with the respective cancellation criteria using the Matlab contourc function. The centroids of the areas satisfying the cancellation criteria were calculated and defined as best cancellation phase and level.
R E S U L T S

General neuronal properties
Fifty-seven multiunit and 34 single-unit responses recorded from the IC of the Mongolian gerbil were used to test the experimental paradigm of the present study. The CFs of the recorded neurons ranged from 0.4 to 24.2 kHz (Fig. 2) . The neuronal tuning sharpness, expressed as Q10 dB values, was between 0.75 and 10.15 (mean value: 2.3 Ϯ 1.5). The CFs of the units increased with increasing recording depth reflecting the tonotopic organization of the central nucleus of the IC. The distribution of the pure tone thresholds (Fig. 2 ) corresponds well to the shape of the behavioral audiogram of the gerbil (Ryan 1976) , but the neuronal thresholds are slightly lower and in good agreement with neuronal recordings from the auditory nerve (Müller 1996) and the anteroventral cochlear nucleus of the gerbil (Faulstich and Kössl 1999) . There was no obvious threshold difference between multi-and single-unit recordings. Our experimental paradigm required low CF and threshold values, and therefore neurons with pure tone thresholds Ͼ35 dB SPL were not included in this study. The mean pure tone response latency was 13.2 Ϯ 9.36 (SD) ms. Most of the units (79.1%) showed nonmonotonic rate level functions during stimulation with a single pure tone, whereas a minority had monotonic (15.4%) or saturated rate level functions (5.5%). The response types of the units were classified as sustained (27.5%), onsetsustained (31.9%), pure onset (17.6%), pauser (9.9%), chopper (6.6%), or unknown type (6.6%), reflecting the typical distri- bution of response types in the central nucleus of the IC (Syka et al. 2000) .
A subset of investigated units (48%) showed spontaneous activity measured before stimulus onset with spike rates exceeding two spikes per second. In response to a single highfrequency tone in 75% of these neurons, the activity was reduced to Յ50% of the prestimulus activity. The high-frequency tone was the f1 stimulus tone during two-tone stimulation (see following text). In addition, in 39 neurons, inhibitory response areas were determined by measuring the change in the neuronal response to a probe tone set at CF and 10 -20 dB above threshold during the presentation of a second masker tone of varying frequency and level. The onset of the probe tone was delayed relative to the masker tone to be able to assess a decrease of neuronal activity when the masker tone was within an inhibitory side band. In 85% of the neurons tested with this two-tone inhibition paradigm, a reduction of the response rate to Յ50% of the control activity could be found. The CFs of the inhibitory response regions (the frequency of the masker tone with the lowest level sufficient to induce inhibition) were on average 1.5 kHz above the units excitatory CF. Taken together, 53 of the 91 units investigated (58%) showed inhibition in terms of reduction of their prestimulus activity in response to a high-frequency tone and/or an inhibitory field revealed by the two-tone inhibition paradigm.
Neuronal correlates of cochlear DPs
After characterization of the general response properties, the neurons were stimulated with two pure tones at frequencies above and outside of the unit's excitatory response area. The stimuli were, however, sufficient to elicit a cochlear DP inside the excitatory response area at the CF of the unit. The frequencies and levels of the two stimuli were chosen such that the following criteria were fulfilled. 1) When applied separately, none of the high-frequency stimuli (at frequencies f1 or f2, with f1Ͻ f2) elicited neuronal responses above threshold for f1 stimulus levels up to L1 ϭ 60 dB SPL (with the level of f2 always L2 ϭ L1-10 dB).
2) The frequency of a cochlear DP, either 2f1-f2 or f2-f1, was close to or at the unit's CF. However, because the CF of a unit was determined visually during the experiment, the later off-line interpolated CF could be slightly different (mean absolute difference: 0.12 octaves, range 0 to 0,64 octaves).
3) The corresponding DPOAE, simultaneously measured at the tympanum, was clearly above the acoustic noise level for f1 stimulus levels Ͻ60 dB SPL. Stimulus frequency combinations resulting in higher DPOAE levels were preferred.
In contrast to the two-tone inhibition measurements (see preceding text), the two stimulus tones did not have a temporal delay to each other. In eight neurons, it was possible to test the response to both the f2-f1 and 2f1-f2 DP consecutively by choosing different stimulation frequencies. Hence the total dataset of this study consists of 99 measurements from 91 different units. For simplification, in the following we refer to "units" in regard to the 99 measurements.
Response to the 2f1-f2 distortions
In 56 units, the response to simultaneous stimulation with two stimulus tones that elicited a cubic 2f1-f2 DP with a frequency close to the unit's CF was recorded and compared with the unit's response to a single pure tone at the same frequency.
Typical neuronal response properties are exemplified for two single units (Figs. 3 and 4) . After obtaining the excitatory response area (Fig. 3A , CF ϭ 3.03 kHz) of the unit, the frequencies for two-tone stimulation were adjusted to f1 ϭ 5 kHz and f2 ϭ 7 kHz, such that the resulting 2f1-f2 DP frequency was at 3 kHz. During simultaneous presentation of the two stimuli at different levels ( Fig. 3A , open symbols), the level of the 2f1-f2 DPOAE was measured (Fig. 3A , filled circles) and neuronal activity recorded. The unit responded with an onset and delayed built-up activity, typical of a pauser unit, both for stimulation with the two high-frequency stimulus tones (Fig. 3B, bottom) and for stimulation with a single pure tone at the 2f1-f2 DP frequency (Fig. 3B, top) . Note that stimulation with either f1 or f2 alone (Fig. 3B , middle) gave no excitatory response for stimulation levels Յ72 dB SPL. Instead a clear decrease of the spontaneous activity was observed. At increasing stimulus levels, the unit's onset delay shortened both in two-tone and single-tone stimulation (Fig. 3B ). There was a clear difference in the strength of the onset and the built-up responses for the single-and two-tone stimulations. During two-tone stimulation, the onset response was reduced, and the built-up component enhanced in comparison to the single-tone stimulation (Fig. 3B) . For low two-tone stimulus levels, which did not evoke excitatory neuronal responses, an inhibition of the unit's spontaneous activity was observed. Comparable inhibition could be induced when each of the two-tone stimuli was presented separately. This subthreshold inhibition was not induced by a single tone at the 2f1-f2 frequency.
The corresponding neuronal rate level functions (Fig. 3D ) are highly nonmonotonic, both for single-tone stimulation at the 2f1-f2 frequency and two-tone stimulation with f1 and f2. For single-tone stimulation at the 2f1-f2 frequency, the neuronal rate-level function reached the threshold at Ϫ2.2 dB SPL stimulation level. During two-tone stimulation, the level of f1 had to be 19.8 dB SPL to elicit a neuronal threshold response and thus was ϳ22 dB above the unit's single-tone threshold. However, during two-tone stimulation, the level of the DPOAE, simultaneously measured at the tympanum, reached the unit's single-tone threshold level at about the same stimu- lation level (Fig. 3C , L1 ϭ 22.0 dB SPL) as was required to evoke a neuronal two-tone response. At higher stimulus levels, the neuronal response rate during two-tone stimulation is significantly increased (ϩ55.7%) compared with the maximal response during single-tone stimulation at the 2f1-f2 frequency (Wilcoxon signed-rank test, P Ͻ 0.005).
As second example, a single unit with a closed excitatory response area (Fig. 4A ) and a CF of 3.96 kHz was stimulated with two pure tones of f1 ϭ 5.62 kHz and f2 ϭ 7.22 kHz, eliciting a 2f1-f2 DP at 4.02 kHz close to the unit's CF. The unit had a sustained response pattern for both the two-and single-tone paradigms (Fig. 4B, bottom and top) . Presented separately, the two stimulus tones f1 and f2 produced a strong suppression of spontaneous activity (Fig. 4B, middle) . For this neuron, an inhibitory response area (Fig. 4A , dotted line) was mapped using the "twotone inhibition paradigm" with a probe tone of 22 dB SPL at CF. The inhibitory area reached into the range of presented two-tone levels and covered the upper limit of the excitatory response area. The unit's response to increasing stimulus levels was strongly nonmonotonic for both two-tone stimulation with f1 and f2 and single-tone stimulation at the 2f1-f2 frequency (Fig. 4D) . During two-tone stimulation, the neuron began to respond when the level of f1 exceeded 23.4 dB SPL and was 24.3 dB above the singletone threshold of Ϫ0.9 dB SPL. In contrast to the unit in Fig. 3 , the maximal response rate during two-tone stimulation was significantly reduced (-33%, Wilcoxon signed-rank test, P Ͻ 0.005) compared with the maximal single-tone response at CF. The closed response area of the unit (Fig. 4A) seemed responsible for the reduction of neuronal activity in response to two-tone stimulation at f1 levels Ͼ40 dB SPL (Fig. 4D) . Two-tone stimulus levels sufficient to evoke neuronal responses above threshold elicited corresponding DPOAE levels between 9.8 and 20.33 dB SPL that are located in the central part of the excitatory response area.
Response to the f2-f1 distortion
The quadratic distortion-tone f2-f1 was the second type of DP tested as neuronal stimulus. The responses of 43 units to Response of a single unit to a 2f1-f2 cochlear DP at the unit's CF. A: excitatory response area with a CF of 3.03 kHz. The boundary of the area shaded in light gray gives the neuronal threshold (20% of the maximal activity plus the spontaneous activity) and in the dark gray area neuronal activity is Ն50% of the maximal activity. Open triangles and open diamonds give the frequency/level combinations of the stimulation tones f1 ϭ 5 kHz and f2 ϭ 7 kHz during two-tone stimulation. Filled circles give the level of the 2f1-f2 DPOAE (3 kHz Ϸ CF) above noise floor measured during 2-tone stimulation. Inset: 2 ms of the action potential waveform of the neuron (y-axis in arbitrary units). B: dot plots of neuronal activity during two-tone stimulation with f1 and f2 (bottom), single-tone stimulation with f1 or f2 (middle), and single-tone stimulation at 3 kHz (top). The stimulus levels in the two-tone and f1 or f2 single-tone stimulations were L1 ϭ 0 to 72 dB SPL, L2 ϭ L1-10 dB. Stimulation levels for the single-tone stimulation at the 2f1-f2 frequency were Ϫ20 -76 dB SPL. Responses to 30 repetitions of each stimulus are shown. The stimulus duration was 45 ms plus 5 ms rise/fall times (black bar). C: level of the 2f1-f2 DP otoacoustic emission (DPOAE) plotted against the stimulus level L1. The dashed line gives the single-tone neuronal threshold level. The solid line gives the acoustic noise level measured before stimulus onset. D: neuronal rate level function for two-tone stimulation (f1ϩf2, filled circles), f1 or f2 single-tone stimulation (thin lines), and single-tone stimulation at the 2f1-f2 frequency (CF-tone, open squares). The dashed line gives the spike rate at single-tone threshold. The dotted line gives the neuron's spontaneous activity.
two-tone stimulation with stimulus frequencies far above the upper flank of the unit's excitatory response areas were compared with activation by a single tone at the f2-f1 frequency that was close to the unit's CF.
As an example, a typical single unit that had a V-shaped excitatory response area and an upper side-band inhibitory area was stimulated with stimulus frequencies of 8 and 9 kHz such that the f2-f1 DP frequency matched the unit's CF at 1 kHz (Fig. 5A) . The temporal response pattern was onset-sustained, and, as was the case in most 2f1-f2 stimulations, the onset component was stronger during single-tone stimulation while the sustained response was enhanced during two-tone stimulation (Fig. 5B) . During separate presentation of either f1 or f2, the unit was slightly inhibited. When stimulated with a single tone at CF, a level of 0.6 dB SPL was sufficient to elicit neuronal responses above threshold. During two-tone stimulation, a level of the f1 stimulus of 9.7 dB SPL was required to elicit a neuronal threshold response (Fig. 5D) . Slightly higher f1 levels of 13.3 dB SPL were required to evoke a f2-f1 DPOAE with a level exceeding the unit's pure tone threshold level (Fig. 5C ). The maximal spike rate during two-tone stimulation is significantly enhanced (22%, Wilcoxon signedrank test, P Ͻ 0.05) compared with the single-tone stimulation at the f2-f1 frequency. During two-tone stimulation, the neuronal rate level function maintains high spike activity for a much larger range of stimulus levels than did the single-tone response. This is probably due to the highly nonlinear shape of the DPOAE growth function (Fig. 5C ). For f1 levels between 16 and 48 dB SPL, the DPOAE level varied only between ϳ0 and 10 dB SPL and therefore for a wide stimulus level range the intracochlear DP level should remain adequate for excitatory neuronal stimulation.
A clear difference in the sensitivity of the neuronal response to single tones versus DPs is evident in a subset of units responding to low frequencies. As an example, a single unit with a V-shaped excitatory response area and a CF of 760 Hz (Fig. 6A) is stimulated with two tones of 5.1 and 5.9 kHz eliciting a f2-f1 DP at 800 Hz. The neuron responds with a vigorous sustained activity for f1 levels that are ϳ5.7 dB below the level of the single-tone stimulus of 800 Hz at neuronal threshold (Fig. 6, B and D) . If one takes into account the level of the DPOAE at the f1 level that is sufficient to produce a neuronal response at threshold (Fig. 6C) , it is obvious that the DPOAE level at the tympanum is far below the single-tone threshold (Fig. 6A, filled circles) . The DPOAE level reaches the single-tone threshold for much higher f1 levels of 65.6 dB SPL (Fig. 6C) , and the difference to the single-tone threshold of 22 dB SPL is considerable. Despite the subthreshold DPOAEs, the neuronal response was indeed evoked by the intracochlear DP as cancellation experiments showed (see following text).
Enhanced neuronal sensitivity to low-frequency DPs
To assess the frequency dependence of neuronal DP responses in comparison to the acoustic DPOAE levels, we calculated threshold values from the respective neuronal and acoustic rate level functions.
The unit's single-tone threshold (STT) was defined as the level of a single tone at the DP frequency that is sufficient to elicit a neuronal response at threshold. The threshold criterion was defined as 20% of the maximal activity plus the mean spontaneous spike rate, similar to the criterion used for the calculation of the excitatory response areas. The neuronal distortion threshold (NDT) was defined as the level of the f1 stimulus during two-tone stimulation which was sufficient to elicit a neuronal response at threshold. Finally, the acoustic distortion threshold (ADT) was defined as the level of the f1 stimulus during two-tone stimulation that was adequate to elicit a DPOAE level equal to the unit's STT level. The threshold values were calculated by linear interpolation between the two data points directly above and below the thresholds. When the lowest measurable DPOAE level was above the single-tone threshold level, the ADT was calculated by extrapolating the first two data points that were above the single-tone threshold (e.g., Fig. 3C) .
The difference between the NDT and the unit's STT is displayed against the frequency of the specific DP (Fig. 7A) . For low DP frequencies, the f1 level sufficient to elicit a neuronal response during two-tone stimulation was around the unit's STT level. With increasing DP frequencies, f1 levels that were up to ϳ50 dB higher than the STT were required to elicit a neuronal response at threshold. To estimate the impact of cochlear distortions on neuronal processing at low stimulus levels, the difference between the two threshold values ADT and NDT was analyzed (Fig. 7B) . Here positive values indicate that the neuron started to respond before the DPOAE level at the tympanum reached the unit's STT. Conversely, values below zero indicate that there was no neuronal response above threshold when the level of the tested DPOAE surpassed the unit's STT level. High ADT-NDT values of Յ47.3 dB (mean: 21.9 Ϯ 15.8 dB) were found for DP frequencies Ͻ1.3 kHz. At higher DP frequencies, the ADT-NDT values were close to 0 (Ϫ0.41 Ϯ 9.9 dB). This implies that the intracochlear distortion levels are higher than their acoustic DPOAE correlate in the low-frequency range. Of course, the absolute level difference between intracochlear DP that induces neuronal responses and the DPOAE is not equal to the ADT-NDT values but Inhibitory response area (dotted line) was measured using a probe tone of 1 kHz and 22 dB SPL. B: dot plots of neuronal activity during two-and single-tone stimulation. The stimulus tones were f1 ϭ 8 kHz and f2 ϭ 9 kHz with the f2-f1 frequency at 1 kHz. Two-tone stimulation levels were L1 ϭ 0 -72 dB SPL with L2 ϭ L1-10 dB. Stimulation levels during the f2-f1 single-tone stimulation were Ϫ10 -78 dB SPL. Responses to 20 repetitions of each stimulus are shown. C: level growth function of the f2-f1 DPOAE during two-tone stimulation. D: neuronal rate level functions of two-and single-tone stimulation. depends on the highly nonlinear slopes of the acoustic versus neuronal growth functions. To obtain a more direct measure of the level differences between DPOAE and intracochlear distortions, cancellation experiments were performed (see following text). Three measurements had to be excluded from the threshold analysis because the DPOAE levels did not reach the units STT level, although a clear neuronal response was measurable. Another four measurements had to be excluded as the neuronal activity during two-tone stimulation did not exceed the unit's STT, although a DPOAE above threshold was measured.
It was not possible to attribute the different threshold characteristics below and above ϳ1.3 kHz to a specific type of DP. The measured f2-f1 DP frequencies cover a frequency range of 0.4 -4.6 kHz, and the f2-f1 threshold differences reflect the discontinuity at 1.3 kHz very well (Fig. 7B, OE, ‚) . For the 2f1-f2 DP, it was not possible to give any estimation. The 2f1-f2 frequencies only rarely fell Ͻ1.3 kHz due to the fact that the experimental paradigm required that the stimulus tones were outside of the excitatory response area of the neurons.
There was, however, a slight difference between both types of DPs with regard to the maximal neuronal activity during two-tone stimulation in comparison to the single-tone stimulation (Fig. 8) . The maximal neuronal activity during two-tone stimulation was expressed as percentage of the maximal activity in the single-tone condition and on average is higher (93%) for the f2-f1 DP than for the 2f1-f2 DP (80%). Correspondingly, histograms of the number of neurons that were within certain maximal activity percentage ranges are shifted against each other depending on the type of DP (Fig. 8) .
Cancellation of cochlear DPs
To verify that neuronal two-tone responses are indeed caused by an acoustic distortion in the cochlea, in a subset of measurements (n ϭ 38), we used a third tone with a frequency equal to the specific DP to cancel the cochlear DP at its characteristic site in the cochlea and to cancel the otoacoustic emission at the tympanum. While the levels and frequencies of the f1 and f2 stimuli were held constant such that a DPOAE and its neuronal correlate were measurable, the phase and level of the cancellation tone was varied stepwise until the DPOAE or its neuronal correlate was cancelled. A reduction to 20% of the neuronal response was defined as the neuronal cancellation threshold. The criterion for the acoustical cancellation was an attenuation of the otoacoustic emission level by 6 dB.
In 34 cases (89.5%), we found a phase/level combination of the cancellation tone sufficient to cancel the neuronal response and the acoustic DPOAE level at the tympanum. In the four other cases, it was not possible to define a clear phase and level range of the cancellation tone sufficient to cancel the neuronal response. Cancellation of the otoacoustic emission was possible in all measurements.
One example of a cancellation experiment for a single unit (CF of 1.12 kHz) is shown in Fig. 9 . The probe stimuli were f1 ϭ 6 kHz, 43 dB SPL, and f2 ϭ 7.33 kHz, 33 dB SPL, eliciting an f2-f1 DP of 1.33 kHz that was measured as DPOAE with a level of 13.5 dB SPL at the tympanum (Fig.  9A) . The unit did not respond to a separate presentation of f1 or f2. Using an f3 level of 0.9 dB SPL, it was possible to completely cancel the neuronal response at an f3 phase of 284° (  Fig. 9E) relative to the phase of the f1 stimulus and to reduce the DPOAE to a level close to the noise level at 355°f3 phase. There was a distinct dependence of the cancellation effect on the f3 level, and rather specific cancellation areas can be mapped by varying both phase and level of f3 (Fig. 9, C and  D) . Reduction of the neuronal response to Յ20% of the control activity was obtained within an area that covers ϳ14 dB and 79°of the f3 level/phase space ( Fig. 9C: white area) . A reduction of the DPOAE by Ն6 dB was found within a range of 11 dB and 73° (Fig. 9D: white area) . In all examples shown (Figs. 9 and 10) , the respective maximum cancellation areas for neuronal and DPOAE cancellation never fully overlap but were shifted against each other in the level/phase space. Although for low f3 levels the phase is dominated by the phase of the cochlear emission (and thereby relatively independent of the f3 phase), at high f3 levels, the phase clearly depended on the phase of the f3 stimulus (arrows in Fig. 9D ). This emphasizes that for lower f3 levels indeed the DPOAE was measured, whereas at higher f3 levels, the f3 stimulus was recorded. This was also obvious from the fact that for higher f3 levels, the level of the measured signal was Ն6 dB above the original DPOAE level (dark area in Fig. 9D ). Note that in the phase/ level range of the maximal acoustic cancellation, the phase of the emission undergoes abrupt changes of nearly 180°.
Because the phase and level range of the cancellation tone that was sufficient to cancel the acoustic or neuronal response could vary, the centroids of the cancellation areas (indicated by the small cross, Figs. 9, C and D, and 10, B, E, and H and C, F, and I) in the phase/level maps were defined as the best phase/level combination of f3 to induce maximum cancellation. The variability of cancellation areas is demonstrated in Fig. 10 . In the case of a unit with a closed excitatory response area (Fig. 10D) , the neuronal cancellation area consists of a very small and specific hot spot close to 0 dB SPL f3 level (Fig.  10E ), which coincides with the center of the excitatory level range (Fig. 10D ). In addition, there is a strong reduction of neuronal activity for f3 levels of Ͼ20 dB SPL that may be due to an inhibitory effect of the f3 stimulus. The corresponding DPOAE cancellation area consists of several scattered fields (Fig. 10F) . A larger difference of 16 dB in the f3 levels adequate for maximum neuronal and DPOAE cancellation is evident in the neuron shown in Fig. 10, G-I . Here, the probe stimuli f1 (Fig. 10G : ‚) and f2 ({) produced an f2-f1 DP (F)
Maximal two tone response as percentage of the maximal single tone response. 2f1-f2; ‚, OE: f2-f1). OE and ■, units in which the neuronal response to the DP could be cancelled by a 3rd tone (see text). Below a DP frequency of 1.3 kHz, the neurons responded during two-tone stimulation at low stimulus levels that were close to their single-tone threshold. B: difference between the level of f1 sufficient to elicit a DPOAE level in the ear-channel equal to the units SST level (ADT) and the level of f1 where the unit starts to respond to the intracochlear distortion product (NDT) as a function of the frequency of the specific DP. -, the mean values for frequencies greater and less than 1.3 kHz (Ϫ0.4 and 21.9 dB, respectively). ---, the respective upper and lower 95% confidence interval. Positive values indicate that the neuron started to respond to the DP stimulus before the corresponding DPOAE had reached the level of the unit's pure-tone threshold. of 22.9 dB SPL that was well below the unit's single-tone threshold at CF. To achieve cancellation of the neuronal response, f3 levels close to 35 dB were necessary, as if the intracochlear DP was significantly higher in level than the DPOAE. The difference between the f3 level sufficient to cancel the neuronal distortion response and the f3 level adequate to cancel the DPOAE is plotted against the frequency of the DP for all units investigated (Fig. 11) . Whereas for DP frequencies Ͼ1.3 kHz the cancellation level differences are scattered around a mean value of 3.2 Ϯ 4.6 dB, for lower frequencies, the level difference increases Յ34.3 dB (mean: 14.9 Ϯ 9.7 dB).
D I S C U S S I O N
Cochlear DPs are a mechanical artifact of the sensitive sound amplification in the inner ear. While they are used extensively in the form of otoacoustic emission measurements as a probe to analyze and diagnose inner ear physiology and its pathology, much less is known about their impact on central auditory processing. The present study examines the response of auditory midbrain neurons to two-tone stimulation adequate to induce generation of cochlear DPs. The stimulus frequencies were completely outside of the excitatory response area but were adjusted to produce DPs at frequencies close to the neuron's CF, such that in 95% of all measurements a neuronal response above threshold was measurable during two-tone stimulation of low to moderate sound level (Ͻ65 dB SPL). To a certain degree, this neuronal activity resembles the response of the neuron to an external tone at the DP frequency. Most important for an unambiguous interpretation of the present data were the simultaneous recording of ear-canal DPOAE in response to the stimuli used for neuronal stimulation.
The neuronal DP threshold of the 2f1-f2 cubic distortiontone, that is the level of the f1 stimulus tone sufficient to elicit neuronal response to the DP, was on average 33 dB (range of 5-60 dB) above the single-tone threshold. Conversely, at Cancellation of a f2-f1 DPOAE and the corresponding neuronal response. A: spectrum of the averaged acoustic signal measured at the tympanum during two-tone stimulation (f1 ϭ 6 kHz, 43 dB SPL, and f2 ϭ 7.33 kHz, 33 dB SPL; 30-ms stimulus duration plus 3-ms rise/fall; 30 stimulus repetitions). The f2-f1 DPOAE had a frequency of 1.33 kHz and a level of 13.5 dB SPL. The dotted line gives the excitatory neuronal response area (CF ϭ 1.12 kHz). B: peristimulus time histogram (PSTH) of the unit's response during two-tone stimulation (stimuli as in A, bin size: 5 ms). Black bar, the stimulus. The neuron did not respond to stimulation with either f1 or f2 alone. Inset: 1 ms of the spike waveform. C: iso-contour plot of the neuronal response to the probe stimuli (f1ϩf2) and an additional cancellation tone at f3 ϭ 1.33 kHz with altering phase (0 -355°) and level (Ϫ24 -28.8 dB SPL) combinations. The 3 stimuli had identical durations and were fully overlapping. Responses to 4 stimulus repetitions were averaged. In the white area the neuronal response is reduced to Յ20% of the activity measured in absence of f3. The black cross indicates the centroid of this cancellation area. The dark gray area gives a Ն50% response increase in comparison with the neuronal response in the absence of f3. D: iso-contour plot of the f2-f1 DPOAE level measured at the tympanum. In the white area (cross indicates the centroid), the DPOAE level is reduced by Ն6 dB relative to the DPOAE level measured in absence of f3. In the dark gray area, the level of the measured signal is Ն6dB above the DPOAE level measured in the absence of f3. The arrows give the phase of the DPOAE in degree, where an upward direction corresponds to 0°(increasing phase is plotted counterclockwise). E: PSTHs (axes are the same as in B) representing the neuronal response during two-tone stimulation in the presence of an f3 tone of 0.9 dB SPL at various phases. The neuronal response is fully cancelled at a f3 phase of 284°. F: series of spectra of the f2-f1 DPOAE (circles indicate the DPOAE level) for different f3 phases (see E). Lowest DPOAE level (-12 dB SPL) was measured when the cancellation tone had a phase of 355°.
neuronal threshold, the level of the intracochlear DP at CF was on average 33 dB below the level of the high-frequency stimuli. A comparable relationship is found for other physiological measures of the 2f1-f2 DP such as basilar membrane displacement (Robles et al. 1997 ) (DP levels 20 -60 dB below the stimulus levels), inner hair cell receptor potential (Nuttall and Dolan 1990 ) (DP levels 25-30 dB below the stimulus levels), auditory nerve fiber responses (Kim et al. 1980 ) (DP levels 30 -43 dB below the stimulus levels), and cochlear nucleus and auditory thalamus responses (Faulstich and Kössl 1999; Horner et al. 1983 ) (DP threshold 10 -50 dB above single-tone threshold). For neurons that were tested with the f2-f1 DP as excitatory stimulus, the level of the stimulus tone f1 had to be between Ϫ7 and 56 dB above the units single-tone threshold to elicit neuronal response. This fits well with the relative neuronal f2-f1 levels measured in cat anteroventral cochlear nucleus (Smoorenburg et al. 1976 ). However, it has to be noted that due to, or as a consequence of, the shape of some 10 . Cancellation of the neuronal response and the otoacoustic emission for f2-f1 and 2f1-f2 cochlear DPs. Each row represents data from one unit. For detailed description see Fig. 9 , A, D, and G: excitatory response areas of the units. The 2 stimulus tones (OE and }) and the level of the DPOAE (F) are shown. C, F, and I: contour plots of neuronal response during 2-tone stimulation in the presence of a cancellation tone that was varied in level and phase C, F, and I: contour plots of the level of the acoustic signal measured at the DPOAE frequency during various level and phase combinations of the f3 cancellation tone.
of some excitatory response areas, we could not always choose the optimal frequency ratio f2/f1 for the generation of maximum DPOAE level (for optimal frequency ratios in the gerbil, see Eckrich et al. 2007 ) but sometimes used larger frequency ratios. This was often the case when the 2f1-f2 DP served as stimulus for units of which the high-frequency flanks of the excitatory response area extended far above the CF. In such cases, to keep both stimuli outside the excitatory response area, higher f2/f1 stimulus ratios had to be chosen that were different from the ratios reported to be optimal for the generation of maximum 2f1-f2 DPOAE levels.
Cancellation of neuronal response and DPOAEs
To ensure that the observed neuronal responses were indeed evoked by cochlear DPs, we used a third tone of equal frequency to cancel the DP directly inside the cochlea at its characteristic place. If the neuronal activity is caused by the intra cochlear distortion stimulus, a cancellation of the cochlear response at the characteristic place of the DP would result in the cancellation of the neuronal response (see also : McAlpine 2004) . Obviously, this also leads to a cancellation of the perceptibility of the DPs (Furst et al. 1988; Zwicker and Harris 1990) .
The cancellation of the neuronal response and the DPOAE was possible for both types of tested DPs over the entire frequency range investigated. The successful cancellation of the neuronal responses suggests that, at least for the tested stimulus levels, the specific cochlear DP was the only source of the neuronal activity. The optimal phase and level combinations of the cancellation tone, however, were different for cancellation of the neuronal responses and the DPOAEs. This emphasizes that we did not suppress the distortion by interfering with distortion generation but cancelled the distortion at two different sites. The neuronal response was cancelled at the characteristic place of the distortion in the cochlea; the DPOAE most likely was cancelled on the level of tympanum or outer ear channel. An additional argument that the generation of the DP itself was not affected by the cancellation tone comes from the fact that the levels of the other DPOAEs that are generated by the same two stimuli were not influenced during the cancellation process.
The simultaneously recorded DPOAE allowed us to assess the cochlear reemission characteristics for the DP. For frequencies above ϳ1.3 kHz, the level of the cancellation tone sufficient to cancel the neuronal response to a specific DP had to be on average 3.2 dB louder than for the cancellation of the corresponding otoacoustic emission at the tympanum. This indicates that the level of the DP is only slightly affected when passing the middle ear in the reverse direction. This interpretation is consistent with the finding that approximately equal stimulation levels are sufficient to elicit neuronal DP response and a DPOAE level at single-tone threshold at the tympanum (Fig. 7B) . Similar threshold differences were also found by Faulstich and Kössl (1999) , who showed for the same frequency range that the DPOAE levels measured in the ear channel are adequate to explain the neuronal activity of neurons in the anteroventral cochlear nucleus.
At lower DP frequencies (Ͻ1.3 kHz), the cancellation tone level required to cancel the neuronal DP response exceeds the level of the DPOAE cancellation by Յ34 dB. Again the comparison of the threshold values for the generation of a DPOAE and an equivalent neuronal response shows a similar trend in this study (Fig. 7B ) and in the study of Faulstich and Kössl (1999) and implies that the stimulus levels sufficient to elicit a neuronally processed DP are lower than those that evoke an adequate DPOAE at the tympanum. That the DP levels in the cochlea are significantly higher than the DPOAE levels in the ear canal might result from a frequency-specific attenuation of the DP when passing the middle ear in the reverse direction. In addition, during the cancellation experiments, the low-frequency cancellation tone could also be attenuated when passing the middle ear in the forward direction such that a higher level is needed to cancel the DP inside the cochlea than in the ear channel. Olson (1998) characterized the forward middle ear transfer function of the gerbil with an intracochlear pressure sensor and externally applied pure tones. Whereas at frequencies Ͼ2 kHz, the gain of the middle ear is ϳ30 dB and flat with frequency, toward lower frequencies the gain decreases to ϳ10 dB at 188 Hz. Comparable decreases of the middle ear gain in the low frequency range were also reported for the guinea pig (Magnan et al. 1999) . Increasing cancellation tone level differences for decreasing DP frequencies were also found in human when comparing the hearing and emission cancellation levels (Zwicker and Harris 1990) . A corresponding decrease of the middle ear gain that could account for the level differences has been described for frequencies Ͻ1 kHz in humans (Puria 2003) .
A critical point when comparing DPOAE and their neuronal correlates is the possible influence of a second DP source on the emission level (e.g., Heitmann et al. 1998; Mauermann et al. 1999; Talmadge et al. 1999) . In addition to the "normal" emission, propagating backward from the generation side, acoustic "reflections" from the more apical characteristic site of the DP are thought to mix along the acoustic pathway from cochlea to tympanum. Reflections from specific cochlear sites are also involved in the generation of delayed-evoked otoacoustic emissions or stimulus-frequency otoacoustic emissions using a single click or tone stimulus. However, we could not find indications for a contribution of a reflection component on the overall DPOAE level in the ear channel of the gerbil. If the basilar membrane vibration at the characteristic distortion site would contribute to the DPOAE level in the ear channel, 11 . Difference between the f3 cancellation tone levels sufficient to cancel the neuronal response and the otoacoustic emission of a specific cochlear distortion product plotted against the DP frequency. -, the mean values for measurements above (3.2 Ϯ 4.6 dB) and below (14.9 Ϯ 9.7 dB) a DP frequency of 1.3 kHz; ---, the corresponding 95% confidence interval.
we should observe an amplitude decrease and/or phase perturbation when the vibration at the cochlear distortion site and hence the neuronal response is cancelled. Comparable experiments were performed by Talmadge et al. (1999) , who could show that the presentation of a third suppressor tone with a frequency close to the DP frequency greatly reduces the contribution of the "component from the DPOAE place" to the overall DPOAE level and phase measured in the ear channel. Related to our experiments this would mean that our DPOAE cancellation maps should also include a second cancellation area that coincides with the neuronal cancellation area. This was not the case. A clear decrease of the DPOAE level and a change of the emission phase were only observed within a single cancellation area that normally did not coincide with the optimum cancellation parameters for cancellation of the neuronal response. This corroborates results from Mills (2000) , who showed that the distortion emission amplitude in the gerbil is insensitive to a third tone with its frequency close to the emission frequency. The fact that large frequency ratios were used in the present study makes it likely that the DPs were generated near the f2 place in the cochlea and not at the frequency place of the distortion as it seems to be the case for small frequency ratios Ͻ1.1 in the chinchilla (Rhode 2007) . The large frequency ratios also avoid that the traveling wave amplification is no longer the controlling factor for DP generation (Shera and Guinan 2007) .
Neuronal responses characteristics
For the individual neuron, the temporal response type was comparable during single-and two-tone stimulation. This again indicates the presence of an acoustic cochlear stimulus, the DP, during the two-tone stimulation condition. During two-tone stimulation, often the neuronal onset or phasic activity was reduced (Fig. 3) . This could be due to a slow onset rise of DP levels that would add to the stimulus rise times we used. Depending on the stimulation paradigm and stimulus levels, DPOAE rise/fall times of Յ10 ms can be observed in humans (Brass and Kemp 1991; Whitehead et al. 1996) . There also were differences in the sustained component of the neuronal response. During two-tone stimulation, in a subpopulation of nonmonotonic neurons (Figs. 3 and 5) , the stimulus level range to evoke the sustained response component was extended and/or the response strength was significantly increased in comparison to the single-tone stimulation. The range extension could be to due to slopes of the DPOAE growth function of Ͻ1 (Fig. 5) . Both range extension and increased response strength could also be caused by neuronal facilitation (see following text).
Inhibition and facilitation of the neuronal DP response
For a substantial portion of the neurons with a nonmonotonic rate level function (40%), the maximal spike rates within the stimulus level range tested were reduced by Ͼ20% during two-tone stimulation compared with single-tone stimulation at the CF of the neuron. A possible reason for this could be the strong upper inhibitory sidebands of collicular neurons (e.g., Alkhatib et al. 2006; Egorova et al. 2001; Ehret and Merzenich 1988) . When the two stimulus tones where presented separately, they often had an inhibitory effect on the spontaneous response rate (e.g., Figs. 3-6 ). During two-tone stimulation, the inhibition induced by the high-frequency stimulus tones could reduce the response of the neurons to the cochlear DP at CF. This would shift the rate level function toward lower values, and as a consequence the maximal spike rate during two-tone stimulation would be reduced.
A minority of neurons (17%) with nonmonotonic rate level function responded with an enhanced maximal spike rate (increase by Ն20%) during two-tone stimulation compared with single-tone stimulation at CF (e.g., Fig. 3 ). This behavior could be produced by facilitatory mechanisms in the IC as they are reported for bats (e.g., Portfors and Wenstrup 2002) and rodents (Egorova et al. 2001; Felix and Portfors 2007) . In a study on mice, Portfors and Felix (2005) could demonstrate that 16% of the neurons had a response rate increase of Ն20% during presentation of an additional high-frequency tone. This compares well with the present study and could suggest that for some units the high-frequency stimuli we used fall into facilitatory response areas above the CF.
Subthreshold response to cochlear DPs -cue for monaural pitch perception?
A subpopulation of neurons responded during two-tone stimulation for stimulus levels that were around or lower than the unit's pure tone threshold at CF (Fig. 7A) . The effective stimuli for these units were very low-frequency f2-f1 DPs. The neuronal activity could be often cancelled by a third tone demonstrating that the specific DP was responsible for the neuronal response. Such negative combinationtone thresholds have been previously described for lowfrequency neurons in the anteroventral cochlear nucleus of the cat (Smoorenburg et al. 1976) .
A frequency-specific decrease in middle ear gain in the low-frequency range, as discussed in the preceding text, could explain the subthreshold response of the low-frequency neurons. The reduction of middle ear gain would produce a selective attenuation of low frequencies in comparison to high-frequency signals. A single low-frequency pure tone, as it is used to determine the threshold of a unit with low CF would be affected by the frequency specific attenuation of the middle ear and an increased neuronal threshold value would result. The high-frequency stimulus tones, presented during two-tone stimulation, however, remain unaffected by the selective attenuation of the middle ear in the low-frequency range. If the middle ear attenuation exceeds the intracochlear level difference between DP and high-frequency stimuli, the unit would be activated during two-tone stimulation with stimulus levels at or lower than the single-tone threshold at CF.
An alternative explanation of the subthreshold response to two high-frequency stimulus tones could be provided by central spectral integration of the individual high-frequency components. Such integration mechanisms have been proposed to implement pitch perception on the level of the auditory cortex (Bendor and Wang 2005; Langner 1997, 1999; Schulze et al. 2002) , and they result in a high sensitivity of low-frequency cortical neurons to the missing fundamental of a multiharmonic high-frequency tone complex (Bendor and Wang 2006) . While such cortical integration mechanisms provide a regular mapping of pitch properties (Bendor and Wang 2006) and might also explain binaural pitch processing (Hout-sma and Goldstein 1972), there is some uncertainty regarding the contribution of cochlear DPs to pitch perception. In a study on IC neurons stimulated with amplitude-modulated tones, known to produce a low-frequency pitch perception, McAlpine (2004) pointed out that cochlear DPs could be indeed responsible for the response of the neurons tuned to the missing fundamental frequency of the complex stimuli.
For the present study, central integration mechanisms do not seem to contribute in a significant way to the subthreshold sensitivity of the collicular neurons because their DP-induced activity could be acoustically cancelled. It became also obvious that to rule out a role of cochlear DPs for pitch processing, it is not sufficient to show that DPOAE levels are below the threshold sensitivity of a neuron, as at low frequencies intracochlear distortion levels are higher than the DPOAE levels.
In humans, there is also evidence for a contribution of DPs to the perception of important aspects of a complex tone, such as the pitch (Houtsma and Goldstein 1972; Smoorenburg 1970) . By measuring the lower frequency limit of melodic pitch of high-pass filtered harmonic complex tones with and without low-pass filtered noise to mask DPs, Pressnitzer and Patterson (2001) demonstrated that cochlear DPs can strongly influence the perception of the pitch of the harmonic stimulus. Moreover they showed by cancellation experiments, comparable to those used in the present study, that the quadratic distortion tone (f2-f1) evoked by the harmonic complex tone is already generated at relative moderate stimulus levels in humans. The level of the distortion tone was Ϫ10 dB relative to the partials of the complex stimulus; this is comparable to the relative DP levels found in the present study. Wiegrebe and Patterson (Ͼ1999) demonstrated that narrow-band amplitudemodulated noise produces a quadratic distortion-tone at the modulation frequency. Interestingly, the modulation rate was no longer detectable when the DP was cancelled. The combination of a pure tone stimulus with a narrow band noise stimulus is known to generate audible DPs in form of lowfrequency noise bands (Greenwood 1971) . Further, frequencymodulated (FM) tones in combination with a pure tone can elicit FM DPs the neuronal correlates of which have been measured in IC of the cat (McAnally and Calford 1989) . The transposition of the frequency modulated DPs to lower frequencies might enhance the ability to detect the FM modulation rate as it has been shown in experiments selectively masking the cochlear DPs by band-pass noise (McAnally and Calford 1990) .
Conclusion
This study demonstrates the robust representation of neuronal correlates of two types of DPs in the auditory midbrain of the gerbil at low to moderate stimulus levels. In some cases, the levels of the high-frequency stimuli used to evoke the lowfrequency DP at the unit's CF were lower than the pure tone threshold at that frequency. Nonetheless, neuronal responses were elicited. As these cases were most pronounced at low DP frequencies, they might be caused by a specific reduction of middle ear gain at those frequencies. Further, the response to the cochlear DPs could be considerably stronger than a response to a single tone at CF. This suggests that the contribution of cochlear DPs to the neuronal activity has to be strongly taken into account when assessing neuronal processing of complex multiharmonic stimuli.
Cochlear nonlinearity cannot add additional information to the auditory stimulus. The produced DPs, however, spread the information-bearing components of the signal over a larger portion of the receptor surface and hence allow a larger neuronal substrate to analyze the sensory stimulus. This produces a certain ambiguity because very similar DP frequencies may be evoked by quite different stimulus frequencies, in particular for the difference tones. The ambiguity, however, could make it easier to classify relational properties between the stimuli, e.g., allow the derivation of pitch, independent of the absolute stimulus frequencies. 
